The majority of real examples of small-world networks exhibit a power law distribution of edges among the nodes, therefore not fitting into the wiring model proposed by Watts and Strogatz. However, protein structures can be modeled as small-world networks, with a distribution of the number of links decaying exponentially as in the case of this wiring model. We approach the protein-protein interaction mechanism by viewing it as a particular rewiring occurring in the system of two small-world networks represented by the monomers, where a re-arrangement of links takes place upon dimerization leaving the small-world character in the dimer network. Due to this rewiring, the most central residues at the complex interfaces tend to form clusters, which are not homogenously distributed. We show that these highly central residues are strongly correlated with the presence of hot spots of binding free energy. Contact: ao-mesa@fujirebio.co.jp Supplementary information: http://www.fujirebio.co.jp/support/index. php (under construction).
INTRODUCTION
Networks have become a powerful and useful tool for modeling and understanding the evolution of different complex systems (Kuramoto, 1984; Strogatz and Steward, 1993; Braiman et al., 1995; Gerhardt et al., 1990; Nowak and May, 1992) . Although the connection topology is frequently assumed to be completely random or completely regular (Watts and Strogatz, 1998; Bollabas, 1985) , in many cases both of these models seem to give a simplistic representation of real complex systems. Indeed, many real networks lie somewhere between the extremes of order and randomness with respect to their topological characteristics. This is the case of the so-called small-world network, where any pair of vertices can be connected through just a few links. The topology of these kinds of networks are characterized by large values of the clustering coefficient (as for regular graphs), defined as the average over all vertices of the fraction of the number of connected pairs of neighbors for each vertex, and small values of the characteristic path length (as for random graphs), defined as the average minimal distance between all pairs of vertices in the graph.
The representation of protein structures as small-world networks has recently become an interesting approach to study a variety of problems associated to protein function and structure, such as * To whom correspondence should be addressed. the identification of key residues involved in the protein folding mechanism (Vendruscolo et al., 2002) and the correlation between the topological properties of protein conformations and their kinetic ability to fold Greene and Higman, 2003) , or the identification of functional sites in protein structures (Shemesh et al., 2004) among other examples.
An interesting application of small-world networks would be the representation of protein-protein complexes as such networks, in order to elucidate different structural characteristics associated with the presence of residues that contribute the most to the binding free energy (hot spots), which are unevenly distributed at the binding interface (Bogan and Thorn, 1998) . Although different approaches involving sequence and structural information or energetic calculations have been proposed to study and predict hot spots of binding free energy (Kortemme and Baker, 2002; Sheinerman and Honig, 2002; Verkhivker et al., 2002; Ma et al., 2003; Brinda et al., 2002) , the small-world representation of proteinprotein complexes could give another complementary view on this problem.
Here, we show that the protein-protein interaction mechanism can be viewed as a specific rewiring occurring in the system of two small-world networks represented by the monomers, where a rearrangement of links takes place upon dimerization leaving the small-world character in the dimer network. Due to this specific rewiring, a rearrangement of residue centrality occurs, leading to the appearance of a significant percentage of central residues at the protein-protein interface. The analysis of 18 protein complexes with experimentally annotated hot spots of binding free energy shows that the most central residues at the protein-protein interface, responsible for the small-world character, are strongly correlated with the presence of hot spots.
SYSTEMS AND METHODS

Datasets
A dataset of 42 dimer complexes, which each contained at least one monomeric structure was obtained by searching the protein data bank (PDB) (http://www.rcsb.org/pdb/) (Berman et al., 2000) and the structural classification of proteins (SCOP) database (http://www.scop.berkeley.edu/) (Murzin et al., 1995) . The non-complexed structures were chosen if they had an identical sequence to their bound form with no insertions and deletions. If any of the complexes contained more than two structures in the unbound form the most recently solved structures were used. As a result, a dataset of 58 monomers was compiled. The discrete Poisson fit P (x) = λ x e −λ /x! is illustrated with the pink and blue lines for the monomers and dimers respectively. The average residue number of links λ and the correlation coefficients squared R 2 are shown in the graph. (b) Frequency distribution of betweenness centrality averaged over both sets of monomers (shown with the pink dots) and dimers (shown with the blue dots). The frequency distributions follow a power law with an exponential cut-off P (β) = Cβ −η exp(−β/β c ) which is illustrated in the graph with the pink and blue lines for the monomers and dimers respectively. The data has been graphed using a logarithmic scale with the power law-scaling exponent η, exponential cut-off β c , constant C and the correlation coefficients squared R 2 for both datasets shown in the graph. There was no statistically significant difference between the monomer and dimer frequency distributions in both (A) and (B).
A set of 18 protein complexes with experimental information on hot spot residues was obtained by searching the Alanine Scanning Energetics database (ASEdb) (http://www.140.247.111.161/hotspot/index.php) (Thorn and Bogan, 2001 ). Experimentally measured hot spots of binding free energy were defined as residues with a change in binding free energy greater than or equal to 1.0 Kcal/mol. Some additional data were used from previous studies in phenylalanine substitutions (Mainfroid et al., 1996) .
The conservation of residues in the protein complexes was analyzed based on multiple sequence alignments generated by ClustalW (Thompson et al., 1994) , using homologous protein sequences obtained from the Swissprot database (http://www.us.expasy.org/sprot/) (Boeckmann et al., 2003) .
The accessible surface areas (ASAs) of the protein complexes were determined using the DSSP program (Kabsch and Sander, 1983) . Experimental enrichment of hot spot information was obtained from the literature (Bogan and Thorn, 1998) .
The protein graphs
The protein structures are modeled as networks with amino acid residues being the vertices and all atom contacts between them the edges. Atom contacts are defined when the distance between at least one atom of residue i is at a distance ≤5.0 Å from an atom of residue j (Greene and Higman, 2003) .
The characteristic path length L is defined as the average minimal distance between all pairs of vertices in the graph, calculated by:
where N p represents the number of pairs of vertices of the graph, and l ij is the minimal path between vertices i and j (Vendruscolo et al., 2002) . The clustering coefficient C is defined as the average over all vertices of the fraction of the number of connected pairs of neighbors for each vertex, calculated by:
where N v is the number of vertices, N i is the number of neighbors of the vertex i, and n i is the actual number of edges between the neighbors of i (Vendruscolo et al., 2002) .
Statistical analysis
The frequency distributions of the residue number of links and betweenness centrality averaged over both sets of monomers and dimers were plotted and analyzed using Systat statistical software packages. The KolmogorovSmirnov test was used to test the statistically significant difference between the monomer and dimer frequency distributions. Our analysis was carried out on a PC Linux cluster with 40 nodes (dual 3.02 GHz Xeon), and on a Windows PC (3.0 GHz Pentium IV).
DISCUSSION
We start by modeling protein structures as networks (see Systems and Methods). We base our analysis on a representative set of 42 biologically diverse protein complexes (with one or both of their unbound structures available), and find, in agreement with previous studies (Vendruscolo et al., 2002; Dokholyan et al., 2002; Greene and Higman, 2003) , that both the dimer and monomer structures exhibit small-world character in accordance with their values of clustering coefficients and characteristic path lengths, in comparison with random and regular graphs with the same number of vertices and average number of neighbors (see Supplementary material). Figure 1a illustrates the frequency distribution of the residue number of links N averaged in both sets of monomers and dimers, indicating that both distributions are Poisson-like, where P (x) = λ x e −λ /x! (with the average residue number of links λ), with no statistically significant difference between them. The concept of betweenness centrality used in sociology (Freeman, 1977) , defined for each vertex k as the number of pairs of vertices with the shortest path among them passing through k normalized by the total number of pairs of vertices, is a good The types of protein complexes (column 1) with their corresponding PDB code and chain identifiers (column 2) are shown in the table along with their respective statistically significant high betweenness residues (column 3). The clusters including statistically significant high betweenness residues and experimentally annotated hot spots are also illustrated for each complex (column 4). The clustering ratio in each case was assumed to be ≥0.8, and it is defined as ratio
where N e is the number of edges among residues in the cluster, and N v is the number of residues in the cluster. In columns 3 and 4, the green colored residues represent experimentally annotated hot spots and the blue colored residues represent statistically significant high betweenness residues, for which no experimental information on binding free energy is available. In each of the clusters, residues occurring in both columns 3 and 4 are shown in bold.
indicator of the centrality of the vertex in the network. The frequency distribution of the residue betweenness centrality β averaged in both sets of monomers and dimers follows a power law with an exponential cut-off P (β) = Cβ −η exp(−β/β c ), with the corresponding values for the power law scaling exponent η and the exponential cut-off β c approximately the same in the monomer and the dimer structures, and no statistically significant difference between the betweenness centrality distributions in the two cases (Fig. 1b) . Unlike the frequency distribution of the residue number of links, the betweenness centrality frequency distribution is quite inhomogeneous, showing that a high number of residues have a small value of the betweenness centrality while only a few residues have a large value. This protein representation is in agreement with the wiring model proposed by Watts and Strogatz (1998) , where an important role is played by the short cuts, responsible for the small values of the characteristic path length, while the clustering coefficient values remain high.
We study the protein-protein interaction mechanism using this representation of protein structures as small-world networks in order to elucidate some of the important topological changes occurring upon dimerization and the existence of topological determinants possibly related to key residues in the complex stability.
The process of dimerization between monomers can be viewed as a particular rewiring (rather than preferential attachment) in the system of the two monomers (each corresponding to a small-world network) due to the conformational changes, with the removal and addition of links occurring in each monomer, the formation of new links between the monomers, but on the other hand, leaving the frequency distributions of the residue number of links and betweenness centrality with no statistically significant difference between both sets of monomers and dimers (see Fig. 2 in Supplementary material). Interestingly, due to this rewiring process, new central residues (with statistically significant high values of central betweenness z-score ≥ 3.0) which are not homogenously distributed appear mainly at the protein-protein interfaces, while other previously central residues in the monomeric structures lose their centrality in the dimer structure. Conversely, there are a number of central residues in the monomer structures, which remain central in the complex (see Fig. 3 in Supplementary material).
Perhaps the most interesting result of this work is the strong correlation between the statistically significant central residues at protein-protein interfaces (topological determinants) with the most contributing residues to the binding free energy in protein-protein interactions. Experimental results based on Alanine scanning mutagenesis (Thorn and Bogan, 2001 ) and phenylalanine substitution (Mainfroid et al., 1996) of protein-protein interfaces has shown that the free energy contribution of individual amino acids in protein-protein binding is not uniformly distributed at the binding site; instead there are hot spots of binding free energy ( G ≥ 1.0 Kcal/mol) comprised of a small subset of residues at the complex interface (Bogan and Thorn, 1998) . Our analysis based on a set of 18 protein complexes with experimental information on hot spot residues and covering different biological examples of protein-protein interactions shows that the statistically significant high betweenness residues (z-score ≥ 3.0) occurring at the proteinprotein interfaces are not uniformly distributed, but instead cluster together, surrounded by regions of residues with relatively low values of betweenness centrality, resembling that of the aforementioned free energy of binding distribution. More detailed analysis reveals a clear tendency of the statistically significant high betweeness residues to be located in hot spot regions, with the experimentally annotated hot spots exhibiting statistically significant high betweenness values in the majority of the cases. Table 1 shows that in the 18 complexes analyzed, 81% of these central residues form clusters with an experimentally annotated hot spot at the cluster center with 22 of these statistically significant high betweenness residues been actual hot spots (see Fig. 4 in Supplementary material).
The remaining 19% of our predicted residues occur mainly in those examples of protein complexes with little experimental information on hot spot residues, such as the enzyme/Inhibitor complex 2ptcEI, which contains only one experimentally annotated hot spot of binding free energy. On the other hand, these residues tend to be clustered together, are highly correlated with the experimental data on hot spot enrichment, and are generally conserved in sequence alignment or non-exposed to the solvent in the dimer structure, indicating that many of them are candidates of hot spots.
Despite the complexity involved in real physical interaction networks occurring in the protein structures, our simple network representation of the latter provides some insight into this complicated picture. Indeed, by using only one network topology characteristic (betweenness centrality) we are able to identify hot spot regions at protein-protein interfaces, taking into account the global topology of the complex whilst keeping its simplicity, which in combination with the reduced computational requirements are clear advantages of our method over previous physical models proposed to identify hot spots of binding free energy (Kortemme and Baker, 2002; Sheinerman and Honig, 2002) . On the other hand, the graph-spectral method proposed by Brinda et al., including some additional information, such as residue solvent accessibility and sequence conservation, shows that the betweenness centrality turns out to be a better and simpler predictor of hot spot regions. There is a possibility that the correspondence between energy hot spots and structurally conserved residues remarked upon by Ma et al., could be related to the tendency of energy hot spots to remain central in the interacting network.
Finally, we should mention that a graph theoretical representation method similar to ours has been proposed by Shemesh et al. for identifying functional sites in protein structures. These authors reported that the most central residues in protein structure networks are found in functional sites (catalytic or ligand binding sites). Although their measure of centrality differs from our definition of betweenness centrality, it would be interesting to explore the possibility of using the information of residue centrality in the monomeric structures in order to improve the current methods of protein dockings. Some initial results in this direction have been addressed in our recent work (del Sol and O'Meara, 2004) , where we show that some central residues in the monomeric structures remain central after dimerization and that possible information on hot spots of binding free energy could be obtained from the unbound structures. We are planning to continue this study in the future.
